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Abstract 
    This paper developed an integrated deteriorating production inventory model with green component design 
and remanufacturing. In the paper, the number of deliveries is derived on behalf of demanding analysis, the 
optimal cycle time of deliveries and the delivery size for the integrated buyer-supplier inventory model for 
volume flexibility are also derived. Our paper proposed a significantly different approach to deal with the first 
production batch and uses a revised method to approximate the relationship between the supplier’s production 
and storage time.In this paper, we developed an integrated profit maximization supply chain model with green 
component design and remanufacturing. Mathematica 8.0, is used to derive the optimal policies. Numerical 
examples and the sensitivity analysis are presented to illustrate the model. 
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1. Introduction: 
The main reasons for the increased awareness of green supply chain are end-of-life goods, 
identified supply chain risks, growing social pressure, legislative changes around packaging and 
increasing use of ecological requirements being cascaded from customers to suppliers. By this 
means, humanity can consciously and rationally approach and maintain an enviable carrying 
capacity, economic, cultural and technological evolution. It is a systematic approach in which the 
purpose is to optimize the total materials cycle from virgin material, to finished material, to 
component, to product, to obsolete product, and to ultimate disposal. Ecological criteria, or 
concerns, into organizational purchasing decision and long term relationships with suppliers are 
involved in this process.  
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In the last decades, Green product design shortened life cycle, environmental awareness, 
collaboration and smart use of resources in supply chain process have become major issues faced 
by organizations. The main activities regarding the above issues comprise of information, resources 
and relevant technique sharing and the utilization of the reverse manufacturing activities and 
products to reduce the negative impact on environment. Products with short life cycles have been 
the main sources of enterprises profits. Such products include high-fashion content and 
technological new products. Ishii et al.[5] focused on product retirement and advanced planning for 
material recycling and introduced the concept of the life-cycle for the designing for 
remanufacturing or recycling. Boks et al. [2] made a comparison of product end-of-life scenarios 
and legislation for consumer electronics. Klausne and Wolfgang [6] showed that the replacement of 
a large share of conventional repairs with remanufacturing and reconditioning would result in a 
higher service level in product repair and outline the concept of integrate product repair and product 
take- back. Bowen et al. [3] explore the role of supply management capabilities in green supply. 
Koh et al. [8] derived an optimal ordering and recovery policy for the reusable items. Kocabasoglu 
et al.[7] explore the role of business uncertainty by linking forward and reverse supply chain 
investments. Nenes et al. [9] proposed alternative policies for a system where both demand of new 
products and returns of used products are stochastic. The expected cost of each policy for a real 
application problem is computed and the best policy is proposed. Chung and Wee [4] showed that 
new technology evolution, remanufacturing ratios and system’s holding costs are critical factors 
affecting decision making in a green supply chain inventory control system.   
It is always difficult for firm to forecast demand for new product and services even for existing one 
given the socioeconomic uncertainties underlying consumer’s purchase decisions. The reality of 
uncertain demand will always be there. To overcome the demand uncertainties, a firm may develop 
capabilities in the firm’s resources and infrastructure to deploy volume flexibility. It is the ability to 
be operated profitably at different output level. Firstly, Schwietzer & Seidmann [1] enlightened the 
concept of flexibility in machine production rate. Flexible production rate is an authentic approach 
over constant rate. Singh and Urvashi [10,11,12] considered the EPLS model which accounts for a 
production system producing items of perfect as well as imperfect quality with volume flexible 
manufacturing system with different conditions. Singh et al [14] discussed the volume flexibility 
with reverse manufacturing under stock out situation. 
        Stock level has a motivational effect on the customers in a supermarket; i.e. the demand rate 
may go up or down if on hand inventory level increases or decreases. In corporate world such a 
situation is known as the stock dependent demand. Singh et al [13] developed a model for 
deteriorating items and stock dependent demand under inflationary environment.  Singh and Singh 
[15] discussed the stock dependent demand with deteriorating items.   
  
      In this paper, we develop a supply chain model for green product life cycle value on design and 
up gradation with product remanufacturing under volume flexible environment. Numerical example 
along with sensitivity analysis is given to authenticate the model numerically. 
2. Assumptions and Notations 
The following are some common assumptions and notations which have been adopted for 
the proposed model to be discussed. 
1. Production rate is taken to be flexible in nature. 
2. Demand rate D(t), is deterministic and is a function of retailer’s inventory level Ir(t) at any 
time t; and defined as follows D( t ) a bI ( t ), 0 t Tr  d d  
3. Inflation and time value of money is considered. 
4. Lead time is zero. 
5. Shortages are not allowed 
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6. Supplier’s demand d, is considered such that q dT , where q is the ordered quantity per 
order by retailer 
The following notations have been used in our study: 
Ir(t)  Inventory level of the retailer at any time t 
Is(t)         Inventory level of the supplier at any time t 
Isc(t)       supplier inventory level during the collecting process of used items 
IsR(t)       supplier inventory level during the remanufacturing process during reverse manufacturing 
ș Deterioration rate of the inventory 
μ Partial function of the initial demand rate “a” at which used items are collected back 
r Constant representing the difference between the discount rate and inflation rate 
T Cycle length for the retailer 
T1 Production time for fresh items of supplier 
T2 Time at which supplier’s inventory level of fresh items reaches to zero level 
T3 Time at which supplier’s inventory level of remanufactured items reaches to zero level 
n  Number of deliveries supplied by the supplier to retailer 
q  Ordered size per order 
R Remanufacturing rate of the supplier 
L Number of the life cycles before the component is recycled or disposed off 
mO  Arrival rate of the failed returned items 
cO  Convertibility parameter for technology evolution of the returned items 
D  Arrival rate of the returned items to be repaired 
ccL Supplier’s variable cost including cleaning and disassembly cost during the collected 
               process $/unit item        
crm Supplier’s variable cost during the remanufacturing process $/unit item 
ccv Supplier’s variable convertibility cost $/unit item 
crp Supplier’s variable repair cost $/unit item 
csL Supplier’s salvage cost for unusable items after cleaning, disassembly and sorting $/unit  
               items 
aLd Supplier’s fixed product life cycle design cost of the resource re-usage and green design  
              for reducing waste and energy usage 
bLd Supplier’s variable product life cycle design cost of the resource re-usage and green design  
              for reducing waste and energy usage 
aLu Supplier’s fixed product life cycle design cost for upgrading product design 
bLu Supplier’s variable product life cycle design cost for upgrading product design 
rsm Ratio for remanufacturing process after cleaning, disassembly and sorting 
rrm Ratio for the items which are to be remanufactured during the remanufacturing process 
Ri Supplier’s reliability of the sub-function i 
c Producing cost for the supplier $/unit item 
p purchasing cost for the retailer $/unit item 
s Selling price for the retailer $/unit item 
c1r Inventory holding cost for the retailer $/unit item 
c2r  Deterioration cost for the retailer $/unit item 
c3r Ordering cost for the retailer $/cycle 
c1s Inventory holding cost for the supplier for fresh items $/unit item 
c1sC            Inventory holding cost for the supplier of collected used items $/unit item 
c1sR Inventory holding cost for the supplier of remanufactured items $/unit item 
c2s Deterioration cost for the supplier for fresh items $/unit item 
c2sC          Deterioration cost for the supplier of collected used items $/unit item 
c2sR          Deterioration cost for the supplier of remanufactured items $/unit item 
c3s Set up cost for the supplier $/cycle 
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FcL Supplier’s cost including cleaning and disassembly cost for the collected process per  
              design cycle. 
Frm Supplier’s cost during the remanufacturing process per design cycle 
Fcv Supplier’s cost during the convertibility process 
Frp Supplier’s repair cost during the convertibility process 
cLd Product life cycle design cost for the green design 
cLu Product life cycle design cost for upgrading design of product 
cLF Supplier’s cost of less flexibility per delivery 
ciN Supplier’s inspection cost per delivery 
3. Formulation of the model:  We discussed here the retailer’s and producer’s model for the 
green supply chain with volume flexibility. 
3.1  Retailer’s Inventory Model for jth cycle ( 1)j T t jT d d  
This scenario is presented in the figure1, and governed by the following differential equations. 
 
Figure 1: Retailer’s inventory model. 
 
 I (t) a bI (t) - I (t), ( j 1)T t jTrrj rjc    T  d d                                                             (1) 
Solving equations (1) with conditions (( 1) ) ,rI j T q   we obtain: 
a a( b)(t ( j 1)T)I (t) q e - , ( j 1)T t jTrj ( b) ( b)
§ ·  T     d d¨ ¸T  T © ¹
            (2) 
With condition ( ) 0,rI jT   we have 
 a ( b)Tq = e 1( b) T T                                                                                                         (3) 
Present worth of holding cost of the Retailer for jth cycle ( 1)j T t jT d d  is 
jT rtHC c I (t)e dt1r ( j 1)Trj rj
 ³                                                                                                  (4) 
Present worth of holding cost of the Retailer for complete n cycles is 
n
r rj
j 1
HC HC
 
 ¦                                                                                                                               (5) 
Present worth of deterioration cost of the Retailer for jth cycle ( 1)j T t jT d d  is 
jT rt
rj 2r rj( j 1)T
DC c I (t)e dt

 T³                                                                                                       (6) 
T 0 Time 
q 
Inventory Level 
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Present worth of deterioration cost of the Retailer for complete n cycles is 
n
r rj
j 1
DC DC
 
 ¦                                                                                                                               (7) 
Present worth of purchase cost of the Retailer for jth cycle ( 1)j T t jT d d  :  
r( j 1)T
rjPC pqe
                                                                                                                            (8) 
Present worth of purchasing cost of the Retailer for complete n cycles is 
rnTn
r rj rT
j 1
1 ePC PC pq
1 e


 
­ ½  ® ¾¯ ¿
¦                                                                                                 (9) 
Present worth of ordering cost of the Retailer for jth cycle ( 1)j T t jT d d :  
r( j 1)T
rj 3rOC c e
                                                                                                                          (10) 
Present worth of purchasing cost of the Retailer for complete n cycles is 
rnTn
r rj 3r rT
j 1
1 eOC OC c
1 e


 
­ ½  ® ¾¯ ¿
¦                                                                                              (11) 
Present worth of sales revenue of the Retailer for jth cycle ( 1)j T t jT d d is 
 jT rtrj rj( j 1)TSR s a bI (t) e dt ³                                                                                       (12) 
Present worth of sales revenue of the Retailer for complete n cycles is 
n
r rj
j 1
SR SR
 
 ¦                                                                                                                           (13) 
Hence, present worth of total profit of the retailer is, 
r r r r r rTP (n,T) SR PC HC DC OC                                                                              (14)    
3.2 Supplier’s Inventory Model 
Supplier’s inventories is depicted in figure2 and Governing by the following differential equations 
1 1 1( ) ( ), 0s sI t P d I t t TTc    d d                                                                                   (15) 
2 2 1 2( ) ( ),s sI t d I t T t TTc    d d                                                                                     (16) 
On solving the above differential equation with boundary condition 1(0) 0sI   and 
2 2 1 1( ) ( ),s sI T I T we have 
 1 1( ) 1 , 0ts P dI t e t TTT
  d d                                                                                        (17) 
1( )
2 1 1 1 2( ) ( ) ,
t T
s s
d dI t I T e T t TT
T T
 ­ ½   d d® ¾
¯ ¿
                                                            (18) 
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Figure 2: Supplier’s forward manufacturing inventory. 
Using the condition 2 2( ) 0,sI T  we have 
 1
2 1
( ) 11 ln
TP d e d
T T
d
T
T
ª º  
« » 
« »¬ ¼
                                                                                  (19) 
Present worth of supplier’s holding cost is 
1 2
1
1 1 20
( ) ( )
T Trt rt
s s s sT
HC c I t e dt I t e dt ª º « »¬ ¼³ ³                                                                         (20) 
Present worth of supplier’s deterioration cost is: 
1 2
1
2 1 20
( ) ( )
T Trt rt
s s s sT
DC c I t e dt I t e dtT T ª º « »¬ ¼³ ³                                                                    (21) 
Present worth of production cost of the supplier is 
 1 1
0
1
T rTrt
s
cPPC c Pe dt e
r
  ³                                                                                          (22) 
Present worth of set up cost of the supplier: 3s sSEC c                                                              (23) 
3.3 Supplier’s Reverse manufacturing 
 The process of reverse manufacturing i.e. collecting process, the collected item consuming process 
and remanufacturing inventory is shown in figure 3, and governs by the following differential 
equations. 
1 1 1( ) ( ), 0sc scI t a I t t TP Tc   d d                                                                              
(24) 
2 2 1 2( ) ( ) ( ),sc scI t R a I t T t TP Tc     d d                                                                           (25) 
1 1 1 2( ) (1 ) ( ),sR sm sRI t r R I t T t TTc    d d                                                                             (26) 
2 2 2 3( ) ( ),sR sRI t d I t T t TTc    d d                                                                             (27) 
Using the boundary conditions 
1 2 1 1 1 1 1 2 2 1 2(0 ) 0, ( ) ( ), ( ) 0 ( ) ( ),sc sc sc sR sR sRI I T I T I T and I T I T    we have 
 1 1( ) 1 , 0tsc aI t e t TTPT
  d d                                                                                    (28) 
1( )
2 1 1 1 2
( ) ( )( ) ( ) ,t Tsc sc
R a R aI t I T e T t TTP P
T T
  ­ ½   d d® ¾
¯ ¿
                                 (29) 
 1( )1 1 2(1 )( ) 1 ,t TsmsR r RI t e T t TTT
   d d                                                                 (30) 
T1 0 Time 
Q 
Inventory Level 
T2 
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Figure 3: Supplier’s reverse manufacturing inventory. 
2( )
2 1 2 2 3( ) ( ) ,
t T
sR sR
d dI t I T e T t TT
T T
 ­ ½   d d® ¾
¯ ¿
                                                            (31) 
By the condition 2 2 2 3( ) 0 ( ) 0,sc sRI T and I T  we have
 
 
2
2 1
1T
T T
a e
R
e e
T
T T
P 
 

                         (32) 
 2 1( )
3 2
(1 ) 11 ln
T T
smr R e dT T
d
T
T
 ª º  
« » 
« »¬ ¼
                                                                       (33) 
Present worth of supplier’s holding cost of remanufacturing is 
^ ` ^ `1 2 2 3
1 1 2
1 1 2 1 1 20
( ) ( ) ( ) ( )
T T T Trt rt rt rt
sR sC sc sc sR sR sRT T T
HC c I t e dt I t e dt c I t e dt I t e dt   ª º   « »¬ ¼³ ³ ³ ³
                                                                                                                                            (34) 
Present worth of supplier’s deterioration cost of remanufacturing is 
^ ` ^ `1 2 2 3
1 1 2
2 1 2 2 1 20
( ) ( ) ( ) ( )
T T T Trt rt rt rt
sR sC sc sc sR sR sRT T T
DC c I t e dt I t e dt c I t e dt I t e dtT T T T   ª º   « »¬ ¼³ ³ ³ ³
                              
                                                                                                                                                         (35) 
Present worth of supplier’s cleaning, disassembly cost is 
 2 2
0
1
T rTrt cL
sR cL cL cL
c aCDC F c ae dt F e
r
PP     ³                                                    (36) 
Present worth of supplier’s remanufacturing cost is 
  22
1
1 (1 )m
TT rtrm
sR rm sm rmT
FRMC c e L r r Re dt
L
O    ³                                                      (37) 
Present worth of supplier’s convertibility cost is 
  22
1
1 (1 )c
TT rtcv
sR cv smT
FCVC c e L r Re dt
L
O    ³                                                               (38) 
Present worth of supplier’s repair cost: The mean failure rate is 
2 1
20
( )
LT
RF t dt LT
E E ED E D  ³                                                                                               (39) 
Hence the supplier’s present worth of repair cost is 
2
1
(1 )
Trp rt
sR rp R smT
F
RC c F R r e dt
L
  ³                                                                                    
(40) 
Hence the supplier’s present worth of salvaged cost:  
T1 0 Time 
Inventory Level 
  T2   T3 
Qr 
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2
1
(1 )
T rt
sR sL sm s LcT
SLC c r R k b e dt ³                                                                                        (41) 
3.4 Product life-cycle design with product function up-gradation 
The present worth of product life-cycle design cost is 
1 1
(1 ) (1 )
k krL rLLc Lc Lu Lu
sR Ld i Lu ii i
a b a bPLC c e R c e R
L r L r
 
  
 
­ ½ ­ ½     ® ¾ ® ¾
¯ ¿ ¯ ¿
                      (42) 
Present worth of supplier’s cost of less flexibility to implementing just-in-time delivery for jth 
delivery is ( 1)r j Tsj LFLFC c e
                                                                                                    (43) 
Present worth of supplier’s cost of less flexibility to implementing just-in-time delivery for 
complete n deliveries is 
1
1
1
rnTn
s sj LF rT
j
eLFC LFC c
e


 
­ ½  ® ¾¯ ¿
¦                                                 (44) 
Present worth of supplier’s inspection cost for jth delivery: ( 1)r j Tsj iNINC c e
                         (45) 
Present worth of supplier’s cost of less flexibility to implementing just-in-time delivery for 
complete n deliveries is  
1
1
1
rnTn
s sj iN rT
j
eINC INC c
e


 
­ ½  ® ¾¯ ¿
¦                                                                                          (46) 
Present worth of sells revenue of the supplier: 
1
1
rnT
s rT
eSR pq
e


­ ½ ® ¾¯ ¿
                                      (47) 
Present worth of total profit of the supplier during the forward manufacturing and reverse 
manufacturing is 
TP SR PC HC DC SEC PC HC DC CDCsF s s s s s sR sR sR sR
RMC CVC RC SLC PLC LFC INCsR sR sR sR sR s s
         
     
               (48) 
Total profit of the supply chain is 
1(n, ,T, ) r sTP P T TP TP                                                                                                           (49) 
Using equation (19),(32) and (33) we see that the total profit function is the function of n, P,  T and 
T1 only. The optimal value of P, T1, T can be derived when the following condition of Hessian 
matrix are satisfied:
2 2 2
2 1
2 2 2
2 1
2 2 2
21 1 1
TP TP TP
P T P TP
TP TP TPH
T P T TT
TP TP TP
T P T T T
ª ºw w w« »
« »w w w ww« »
« »w w w« » 
w w w w« »w
« »
« »w w w
« »
w w w w« »w¬ ¼
The first principle minor determinant of H, 11 0H ! , 
second principle minor 22 0H !  and third principle minor 33 0H ! . Since “n” is a discrete 
variable therefore optimal value of n is find by satisfying the equation, 
* * * * * * * * *TP( (n 1),P ,T ,T ) TP( n,P ,T ,T ) TP( (n 1),P ,T ,T )1 1 1 d t   
where P*, * *1T and T  are optimal value of 1T an dT . Therefore, now our problem is to find the 
optimal values of 1n,P,TandT  such that 1Maximize TP(n,P,T, )T  
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* * * * * * * * *
1 1 1: ( ( 1),P , , ) ( ,P , , ) ( ( 1),P , , )Subject to TP n T T TP n T T TP n T T d t           (50) 
4. Numerical Illustration for Model: To illustrate the proposed model, we have considered that 
the parameters in appropriate units 
ܿ1ݎ = 0.7; ܿ2ݎ = 0.8; ܿ3ݎ = 80; ܿ1ݏ = 0.7; ܿ2ݏ = 0.8; ܿ3ݏ = 150; ܿ1sC = 0.08; ܿ2sC
= 0.08; 
ܿ1sR = 0.7; ܿ2sR = 0.8;ܨCL = 150;ܨrm = 150;ܨcv = 150;ܨrp = 150; ܿLF
= 120; ܿiN = 150; 
ܿLd = 5; ܿLu = 5;ܮ = 3; ܿCL = 0.5; ܿrm = 2; ݎrm = 0.6; ݎsm = 0.6; ܿcv = 2; ߣ݉
= 0.02; 
ߣܿ = 0.02; ܿrp = 2;ߙ = 0.001;ߚ = 1; ܿsL = 5.5;݇ݏ = 0.5;ܽLC = 5;ܾLC = 0.6;ܴ1
= 0.999; 
ܴ2 = 0.98;ܽLu = 2;ܾLu = 0.4; ܿ = 2; ݌ = 11; ݏ = 23;ߠ = 0.01;ܽ = 35;ܾ
= 0.025; 
ݎ = 0.05;ߜ = 0.7;ܲ = 100;Then we find Optimal results for integrated profit maximization 
policy TPr= 3301.63, TPs=1407.10 and TP= 4708.73 for n=3. 
4. Sensitivity: In order to study the effect of various parameters on the optimal policy a 
sensitivity analysis is done and results are presented in the following tables: 
 
Table 2: Sensitivity analysis for the demand parameter a 
a n T T1 T2 T3 d R q TPr TPs TP 
30 
35 
45 
50 
3 
4 
3 
2 
5.93 
5.38 
8.15 
13.13 
4.23 
6.13 
9.82 
13.15 
14.47 
17.54 
20.13 
22.00 
17.79 
21.52 
24.45 
26.26 
27.78 
33.01 
46.28 
57.12 
24.23 
31.35 
52.13 
73.47 
164.97 
177.90 
377.31 
750.27 
2299.74 
3255.70 
3703.84 
1725.80 
285.45 
252.81 
2242.25 
5491.90 
2585.20 
3508.52 
5946.09 
7217.70 
Table 3: Sensitivity analysis for the demand parameter b 
b n T T1 T2 T3 d R q TPr TPs TP 
0.015 
0.020 
0.030 
0.035 
4 
4 
3 
3 
5.47 
5.63 
7.79 
8.31 
7.02 
7.38 
8.37 
9.31 
17.73 
18.32 
19.29 
20.70 
21.88 
22.53 
23.37 
24.93 
37.50 
38.13 
41.07 
42.44 
39.20 
39.60 
41.57 
42.56 
205.26 
214.81 
320.30 
352.75 
3706.90 
3788.82 
3366.26 
3418.47 
659.72 
711.22 
1548.94 
1734.17 
4366.62 
4500.04 
4915.20 
5152.64 
Table 4: Sensitivity analysis for the μ 
μ n T T1 T2 T3 d R q TPr TPs TP 
0.50 
0.60 
0.80 
0.90 
3 
3 
4 
3 
7.52 
7.35 
5.76 
7.28 
8.27 
7.82 
7.51 
7.13 
19.51 
18.55 
18.34 
17.01 
22.56 
22.06 
23.04 
21.84 
40.03 
39.91 
38.78 
39.86 
29.18 
34.95 
45.73 
52.38 
301.12 
293.54 
223.71 
290.26 
3292.85 
3305.68 
3872.36 
3310.37 
1571.03 
1480.32 
691.66 
1240.96 
4863.88 
4786.00 
4564.03 
4551.33 
Table 5: Sensitivity analysis for the r  
r n T T1 T2 T3 d R q TPr TPs TP 
0.06 
0.07 
0.08 
0.09 
3 
3 
3 
3 
7.01 
6.68 
6.37 
6.11 
7.19 
6.77 
6.40 
6.08 
17.22 
16.36 
15.59 
14.91 
21.03 
20.04 
19.11 
18.33 
39.67 
39.43 
39.21 
39.02 
40.61 
40.45 
40.30 
40.18 
278.50 
263.54 
250.11 
238.49 
2836.15 
2464.34 
2163.16 
1913.42 
1375.46 
1330.74 
1277.99 
1223.35 
4211.61 
3795.08 
3441.15 
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3136.77 
Table 6: Sensitivity analysis for deterioration rate T  
T  n T T1 T2 T3 d R q TPr TPs TP 
0.005 
0.015 
0.020 
0.025 
4 
3 
3 
3 
5.93 
7.28 
7.17 
7.09 
7.54 
7.97 
8.25 
8.57 
19.12 
18.13 
18.04 
18.02 
23.72 
21.84 
21.51 
21.27 
38.30 
40.63 
41.30 
42.00 
39.71 
41.27 
41.74 
42.24 
227.33 
296.11 
296.29 
297.88 
3994.73 
3164.81 
3031.18 
2896.48 
750.62 
1448.45 
1494.88 
1550.11 
4745.36 
4613.26 
4526.06 
4446.59 
 
 
Figure 4: Concavity of total Profit function with time T and production rate P 
5. Conclusion:  An integrated supply chain with environment protection is an important concern 
for enterprises. The green-component life-cycle value design is an innovative approach for 
manufacturer to maximize the environmental benefits of the supply chain. In this paper, an 
integrated supply chain model for deteriorating items considering the green operation 
processes is developed from an end-of-life perspective and reduction design is considered in 
the supplier’s forward and remanufacturing processes under volume flexibility environment 
considering the effect of inflation and time value of money. An optimal replenishment policy 
for an integrated supplier–retailer inventory model is derived. The sensitivity analysis of the 
proposed model is developed to illustrate the effect of the key parameters. Hence, the supply 
chain strategies that are designed for resource use efficiency and capture of all waste or by-
products through the product life-cycle provide not just high levels of ecological performance 
but also the capacity to withstand approaching resource insufficiency or legislative changes 
that affect and often redefine industries. 
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